Genome-scale metabolic network models can be used for various analyses including the prediction of 2 metabolic responses to changes in the environment. Legumes are well known for their rhizobial symbiosis 3 that introduces nitrogen into the global nutrient cycle. Here, we describe a fully compartmentalised, mass 4 and charge-balanced, genome-scale model of the clover Medicago truncatula, which has been adopted as a 5 model organism for legumes. We employed flux balance analysis to demonstrate that the network is capable 6 of producing biomass (amino acids, nucleotides, lipids, cell wall) in experimentally observed proportions, 7 during day and night. By connecting the plant model to a model of its rhizobial symbiont, Sinorhizobium 8 meliloti, we were able to investigate the effects of the symbiosis on metabolic fluxes and plant growth and 9 could demonstrate how oxygen availability influences metabolic exchanges between plant and symbiont, 10 thus elucidating potential benefits of amino acid cycling. We thus provide a modelling framework, in which 11 the interlinked metabolism of plants and nodules can be studied from a theoretical perspective. 
is present in MetaCyc, where it is only included as a substrate for degradation. However it is used in one of two routes from coumaroyl-CoA to caffeoyl-CoA, in which it is needed as a carrier compound.
205
The second class contains 65 metabolites, which are not connected to the remaining network. This group 206 contains many of the biotin biosynthesis pathway intermediates (6 compounds). The reason why this pathway is 207 disconnected is that it is unknown how the pimeloic acid moiety necessary for biotin biosynthesis is synthesised 208 in plants. Most of the other metabolites (37) in this class are produced by specific enzymes, but no pathway
209
for the production of their precursors is known.
210
The third class consists of 23 metabolites, which result from the degradation of modified macromolecules
211
(e. g. polyfructofuranose), or which are present only in a degradation pathway for xenobiotics (e. g. cyanate).
212
This phenomenon of metabolites which can only be 'produced' by degradation was discussed in detail ear-
213
lier (Christian et al., 2009 ).
214
Biomass production in the genome scale model We confirmed that the model is able to reflect fluxes in 215 a living cell by maintaining production of biomass, with a composition as measured, from the mineral nutrients. is the maltose exporter in the chloroplast envelope (MEX). However, mex mutants are viable, albeit with a 227 reduced growth and starch excess phenotype (Niittyl et al., 2004) . The reason that the model predicts this 228 transporter as essential is that, in the strict mathematical sense, no flux distribution exists which fulfils the 229 stationarity condition for maltose. Therefore, the prediction can be understood in terms of the mathematical 230 model formulation, and the predicted phenotype (maltose accumulation) is one of the key characteristics of 231 the mex mutant. Of the essential metabolic reactions (excluding transporters) over 90% have genetic evidence.
232
Our knockout simulations further revealed an additional set of 16 and 18 reactions for growth in the dark and 233 light, respectively, which are essential in the sense that they must be present in at least one compartment,
234
but in the compartmentalised model they have been assigned to several compartments. The two additional 235 reactions for which at least one isozyme has to be present in light conditions are the triose isomerase reaction and phosphoglycerate kinase, which are both necessary to utilise Calvin cycle-derived triose phosphates. Using 237 the objective to minimise the total flux through the system while producing a given amount of biomass (see are depicted in Fig. 4 , when using as nitrogen source either ammonium (clear bars) or nitrate (shaded bars).
245
Obviously, the requirements depend critically on the nitrogen source. Growing on ammonium, most nucleotides 246 and some amino acids, along with some organic acids and sugars can theoretically be directly produced from 247 starch without additional ATP obtained through respiration (a full list including the reductant and energy
248
costs is provided in the Supplementary Material 3). In fact, some of the compounds can be synthesised from 249 starch while even producing a small surplus of energy equivalents. In contrast, with nitrate as nitrogen source,
250
the synthesis of all amino acids and nucleotides requires additional ATP and NAD(P)H, for which some of 251 the starch needs to be respired. This is not surprising because the reduction of nitrate to ammonia requires illustrates and at least partially explains the acidifying properties of ammonium nutrition in contrast to 298 nitrate nutrition (Alam et al., 2007) .
299
Symbiotic nitrogen fixation We used the combined model (see the schematic in Figure 6 ) first to test under which conditions a symbiotic association with S. meliloti is beneficial to the host M. truncatula. For this,
301
we compared the maximal predicted growth rate of the models with and without nitrogen fixing symbiont,
302
for different external nitrate concentrations (see Figure 7) . Clearly, the growth rate is slightly lower for the fluxes based on the assumption that enzymes are used in a maximally efficient way (see Methods).
319
Under a wide range of oxygen uptake rates, the model predicts extensive amino acid cycling (see Figure 8A ).
320
Alanine is predicted to be the only nitrogen-containing export product (for a schematic of the reactions in the 321 symbiont see Figure 9 ). in Figure 8A ), the capacity of the respiratory chain is limited and import of malate minimises the amount 330 of produced NADH. With increasing oxygen availability, ATP production by oxidative phosphorylation is 331 increasingly efficient. This explains the observed switch from malate to succinate uptake, because introduction 332 of succinate into the TCA cycle provides one additional reductant as compared to malate (right region in Figure 8A ). Therefore succinate is only used when sufficient oxygen is available (or when no malate is provided).
334
In our simulation alanine was the only nitrogen export product from the rhizobia. (Pyl et al., 2012) , showed that at least 45% of the starch is respired. This value is still 367 more than twice as high as the predicted minimum of 21% for the growth on nitrate. Moreover, Pyl et al.
368
(2012) showed that the ratio of respired starch-derived carbon is highly dependent on the night temperature.
369
The lowest value of 45% is observed for low (12 • C) temperatures, while for nightly temperatures of 24 • C
370
(which was the same as the applied temperature during the day), the ratio of respired carbon increased to 371 75%. Estimating from our calculations that around 20% of carbon contained in starch need to be respired 372 to build biomass, this allows to conclude that between 25% and 55% of starch-derived carbon is respired 373 during the night for maintenance, depending on temperature and probably other external factors. This is in 374 good agreement with previous findings of maintenance requirements of around 40% (Williams et al., 2010) .
375
The derived energy is required for processes, which are not directly related to growth and not included in which is accompanied by a higher energy and reductant demand that is met by increased respiration during 394 the night. The balancing of charges, using both ammonium and nitrate, might contribute to the observation that the presence of ammonium in many plants (de la Haba et al., 1990) is not strictly necessary for symbiotic growth. However, it is interesting that even when alanine dehydroge-
406
nase is knocked out, we observed the export of alanine (now exchanged with glutamate), which supports the 407 hypothesis that alanine is a major export product in planta, even without being the nitrogen carrier. curated to achieve mass balance by adding protons. This is in particular true for reactions in the phospholipid 452 desaturation pathway, but also in reactions representing dehydrogenase or mixed function oxygenase activities.
453
Where possible, we curated these reactions by assuming common desaturase, dehydrogenase or mixed function 454 oxidase activities. In general, when protons had been added for mass balance reasons they were replaced by 455 NAD(P)H + H + /NAD(P) + pairs to achieve charge balance. This replacement was done by applying the 456 general rules which are laid out in Table III .
457
Atomic balance was checked using the method detailed in Gevorgyan et al. (2008) 
467
Assigning compartments to reactions To overcome the first challenge, we applied the following approach:
468
We first scanned all available protein sequences for annotated genes against the Arabidopsis thaliana genome were translated to gene identifiers of version 3.5v5 of the M. truncatula genome annotation using BLAST.
477
All these sources of information were integrated and if evidence for the presence of a protein in a specific 478 compartment was found in at least one source it was added to this compartment. This initial process resulted 479 in a draft compartmentalised network with still a large number of reactions not yet assigned to compartments.
480
In a next step, we used an established network modelling approach (Christian et al., 2009) 
543
The consistent model was then subjected to the FASTCORE algorithm (Vlassis et al., 2014) . FASTCORE 544 extracts a small consistent network from the original network, in which all reactions from a given core set 545 can be activated. We used those reactions as core for which the models gene-protein-reaction relationships 546 returned true, if the core genes for the respective tissue were set as active. In addition, some reactions were 547 turned off to generate the individual models. This step was repeated four times with slightly modified models 548 to obtain four individual conditions: 549 1. Growth using ammonium as sole nitrogen source during the day. 2. Growth using ammonium as sole nitrogen source during the night. 3. Growth using nitrate as sole nitrogen source during the day. 4. Growth using nitrate as sole nitrogen source during the night.
For day conditions, the biomass reaction without starch in the leaves, and starch import were turned off, 1:2 ratio (root:shoot) the atp maintenance for shoot was set to 74 µmol/(g h) and the root maintenance set to 567 37 µmol/(g h) Similarily the biomass production combines two thirds of a shoot biomass and one third of a root 568 biomass to one µmol of biomass, with a weight of 1 g. We assumed a normal growth rate of 0.1 g/(g d) based 569 on data for M. sativa (Lötscher et al., 2004) for simulations where a fixed biomass production was required.
570
The maximal starch consumption in leaves was set to 46.32 µmol/(g h), based on the starch storage in our 571 biomass experiments during the day. The maximal rate of photon uptake was set to 1000 µmol/(g h). connected to the plant root submodel using exchange reactions present in the literature (for Reviews see e.g. be found in the supplemental data).
578
To be able to compare fluxes in the rhizobium with fluxes in the plant, we had to adjust all fluxes to use a 579 common unit, which we based on plant dry weight. To achieve this we used the following data: The ratio Figure 6 . This is the maintenance energy commonly 587 used in E.coli (Orth et al., 2011) . After combining the models, we noticed, that our biomass formulation 588 has a very large asparagine fraction. This is likely due to the fact, that we fed our plants with excessive 589 amounts of nitrogen to avoid any nodulation. Therefore, we reduced the amount of free asparagine in the 590 plant biomass formulation to 5% of the original amount. Without this adjustment, the maximal growth rate 591 with maintenance energy is at about 0.04 g/(g d), which is about 53% lower than with the adjusted amount.
592
In addition, the rhizobium spotted a citrate lyase reaction, which by acting in reverse allowed the production 593 of some ATP. Since this protein commonly catalyses the forward reaction, we set its lower bound to zero. For 594 our simulations, the symbiont was assumed to have finally differentiated and therefore stopped growth, i.e.
595
not consume the nitrogen it fixes, de facto becoming an additional compartment of the plant. 
Network analysis 597
Genome-scale networks are most conveniently described by the stoichiometry matrix N, in which columns 598 represent biochemical reactions and rows correspond to metabolites, and the coefficients define whether a 599 metabolite is consumed (negative) or produced (positive) by a particular reaction. The dynamic behaviour of 600 the metabolic network is governed through the stoichiometry matrix by
where S is the vector of metabolite concentrations, v is the vector containing all reaction rates and p is a 602 vector with all kinetic parameters. Assuming that the system is in stationary state, the dynamic equation is 603 reduced to the stoichiometric equation
which allows to derive statements about the flux distribution v from the stoichiometry matrix alone. This described by inequalities
where l j and u j are lower and upper bounds restricting the flux through a reaction or transporter j. In 611 our case, an important constraint also reflects the fact that the net charge accumulation must be zero. This 612 constraint is written as
where q i is the net charge translocated over the cellular membrane by transporter i. 
617
Producibility of metabolites To verify whether a particular metabolite X is producible, a reaction v k :
618
X → ∅ is added to the network. Then, it is tested whether a solution vector v exists, such that the stationarity 619 condition 2 and the constraints 3 and 4 are fulfilled, for which v k > 0. If the system is solvable, there exists a 620 stationary flux distribution which consumes only nutrients and produces (at least) metabolite X.
621
Energy and redox requirements To find a theoretical minimum of energy and reductant requirements 622 to produce a certain metabolite k, we introduce as above a reaction v k : X → ∅ and two reactions consuming HCl. The dried samples were subjected to GC-MS analysis.
688
Nucleic acids RNA and DNA were extracted using TRIzol/DNAse and Chloroform/isoamylalcohol ex- assay.
699
Gas chromatography-mass spectrometry GC-MS analysis was done as in Masakapalli et al. (2013) 
703
The protein hydrolysate extracts were derivatised by TBDMS (Antoniewicz et al., 2007) whereas the soluble 704 extracts were derivatised by MeOX TMS (Lisec et al., 2006) . To obtain the TBDMS derivatives, the dried 705 samples were first dissolved in 25 µL of pyridine and incubated at 37
• C, shaking at 900 rpm for 30 min. Then analysed using GC-MS (derivatisation agent: MtBSTFA + 1% t-BDMCS). Lipids were extracted using a 716 standard isopropanol/hexane extraction and quantified by weight. RNA and DNA were extracted using
717
TRIzol/DNAse and Chloroform/isoamylalcohol extraction methods respectively. Starch was determined with 718 an enzymatic assay (digestion followed by spectrometric assay).
719
Supplemental Material Table II : Biomass composition of M. truncatula. Measurements were taken after night period and after the light period. The soluble composition was determined using standard curves and obtaining percentages of the total measured amounts. For the biomass composition used in the analysis the average values were used and pyroglutamate was assumed to have spontaneously cyclized from glutamate. The MetOH soluble amount for the calculations is assumed to be the remaining fraction of the total soluble amount. Errors represent the standard deviation from three technical replicates.
nd -not detected.
Replacement example
Assumed enzymatic activity
Original reaction (Daher et al., 2010; Dubinin et al., 2011) . In a second step, network extension (Christian et al., 2009 ) is applied to ensure that every organelle can perform key functions. The uncompartmentalised genome-scale model serves as a reference network. In a third step, it is ensured by manual curation that all compounds are producible which were producible in the uncompartmentalised network. Figure 9: Overview of the main reactions occurring in the rhizobium. When glutamate is imported as carbon source, the TCA cycle is fed with ketoglutarate and one ATP is produced during conversion to succinate. The amino group of glutamate is directly transferred to alanine. If dicarboxylic acids are imported, less ATP is produced. Simultaneously, less reductant (mainly NADH) is produced, which is particularly pronounced for malate as carbon source. This reduces the flux through the respiratory chain, allowing the sybiont to better cope with limited oxygen. 
